Objectives: Previous studies have shown that high serum ceramides are associated with memory impairment and hippocampal volume loss, but have not examined dementia as an outcome. The aim of this study was to examine whether serum ceramides and sphingomyelins (SM) were associated with an increased risk of all-cause dementia and Alzheimer disease (AD).
potent regulator of cell survival. Upon activation, ceramide-associated protein kinases and phosphatases evoke proapoptotic signaling pathways, [11] [12] [13] [14] [15] leading to neurodegeneration.
Despite the abundant laboratory and animal findings linking sphingolipids and AD pathology, little research has extended these findings to examine the role of sphingolipids in AD pathogenesis among humans. The few postmortem, and 1 CSF, studies suggest ceramide and SM levels, and gene expression patterns of enzymes participating in the sphingolipid pathway, vary by AD severity. [1] [2] [3] 16, 17 We have shown that blood ceramide levels vary by cognitive status, and that elevations of ceramides in subjects with amnestic mild cognitive impairment (MCI) predict cognitive decline and hippocampal volume loss. 18 In a separate study we also found that high blood ceramides in cognitively normal women predicted memory impairment. 19 However, not all individuals with memory impairment progress to dementia or AD. 20 Therefore, we were unable to determine whether increased blood ceramides predicted dementia or AD, or were a general indicator of cognitive impairment. The goal of the present pilot study was to determine whether serum ceramides predicted all-cause dementia or were specifically associated with AD.
METHODS Study sample. The Women's Health and Ag-
ing Study II (WHAS II) is a prospective study of physical functioning among the two-thirds least disabled 70-to 79-year-old community-dwelling women in Baltimore, MD. The sampling and recruitment of this cohort have been previously described. 21, 22 Using the Health Care Financing Administration's Medicare eligibility lists for 12 zip code areas in Eastern Baltimore City and County, age-stratified (70 -74, 75-79) random samples were drawn by Westat, Inc. in 1994 -1995. Trained interviewers screened 1,630 women and determined eligibility according to whether women 1) were aged 70 to 79 years; 2) had sufficient hearing and English proficiency to be interviewed; 3) could be contacted by telephone; 4) had a Mini-Mental State Examination score Ն24; and 5) reported no, or limited, difficulty in only 1 of the following 4 domains: mobility and exercise tolerance, upper extremity function, high-functioning tasks, and basic self-care. Of 880 women screened eligible, 436 (49.5%) agreed to participate in the baseline examination at the Johns Hopkins Hospital and to prospective follow-up. Those agreeing to participate were more educated and had more diseases than those who refused, but did not differ on other characteristics. 21, 22 For the present study, 223 women had adequate serum baseline samples remaining in storage. Due to the limited blood reserved, we randomly selected 100 participants' serum samples for the lipid assays. Follow-ups were conducted 1.5, 3, 6, 7.5, and 9 years after baseline. Each examination consisted of a comprehensive medical history, medication inventory, physical and neurologic examination, neuropsychological battery, and blood draw.
Standard protocol approvals, registrations, and patient consent. The study was approved by The Johns Hopkins University institutional review board. Written informed consent was obtained for all participants who were examined as part of the study.
Dementia adjudication. The pool of WHAS II participants for dementia adjudication was chosen from the larger WHAS II cohort (n ϭ 436) based on 3 criteria: Mini-Mental State Examination (MMSE) score Ͻ24, history of stroke (either self-report or diagnosed), or a decrease in MMSE score of Ͼ2 points between 2 consecutive rounds (with the exception of the extended 3-year window between visits 3 and 4). A total of 239 WHAS II participants met these criteria. These participants were adjudicated through a consensus conference in collaboration with the Johns Hopkins AD Research Center and included neuropsychologists, geriatric psychiatrists, geriatricians, epidemiologists, and faculty and staff involved in WHAS II. During each adjudication session, all available information on each participant was reviewed, including up to 9 years of medical and neurologic history, cognitive test performance, and proxy reports of daily functioning and cognitive problems. Consensus conferences diagnosed mild cognitive impairment, dementia, and dementia type using the National Alzheimer's Coordinating Center approach, which is used in all AD Research Centers. Dementia was initially diagnosed according to DSM-IV criteria 23 at each WHAS II visit. The age at onset was assigned as the age when each participant unambiguously met DSM-IV criteria for dementia. Possible and probable AD were diagnosed according to National Institute of Neurological and Communicative Disorders and Stroke and Alzheimer's Disease and Related Disorders Association criteria. 24 In order to account for the differences in the adjudication process over time, 20% (approximately 50 participants) were adjudicated twice in a masked fashion. There was 85% agreement ( ϭ 0.68) between adjudication sessions.
Cholesterol and triglyceride assays. Nonfasting blood was drawn at baseline and serum was frozen at Ϫ80°C until processing. Total and high-density lipoprotein (HDL) cholesterol and triglycerides were determined using standard enzymatic techniques at Quest Diagnostics.
Sphingolipid assays.
A crude lipid extract was performed using previously published methods. 25 In brief, methanol containing 30 mM ammonium acetate (3 volumes/weight) was added to each serum sample containing internal standards ceramide d18: 1-C12:0 and sphingomyelin d18:1-C12:0 (1.3 g/mL of ex- traction solvent) and the mixture was vortexed. Chloroform (4 volumes/weight) was added and the mixture was vortexed and centrifuged at 1,000 g for 10 minutes. The chloroform layer was removed and dried in a vacuum oven. Dried samples were resuspended in 100% methanol (200 L) just prior to analysis by high-pressure liquid chromatography coupled tandem mass spectrometry. Samples were injected using a Harvard Apparatus pump at the rate of 15 L/min into a Sciex API3000 electrospray ionization triple stage quadruple tandem mass spectrometer (ESI-MS/ MS; Thornhill, Ontario, Canada) operated in the positive mode. The ESI-MS/MS scanned from 300 to 1,000 atomic mass units (amu) per second at a step of 0.1 amu. Each lipid species was initially identified by a Q1 mass scan, then by precursor ion scanning or neutral loss scanning of a purified standard. Samples were injected into the ESI-MS/MS for 3 minutes, where the mass counts accumulate and the sum of the total counts under each peak were used to quantitate each analyte. SM and ceramide reference standards were purchased from Avanti Polar Lipids (Alabaster, AL).
Covariates. To examine whether sphingolipids levels varied by
demographic and health-related characteristics, we first assessed the association between these variables and tertiles of SM and ceramide species using analysis of variance for continuous variables and Fisher exact test for dichotomous variables. Potential covariates included baseline age, race, education, smoking status, and minutes of exercise per week; medical conditions and symptoms such as systolic and diastolic blood pressure, diabetes, myocardial infarction, stroke, angina, peripheral artery disease, and depression; statins and other medications; and serum total and HDL cholesterol, triglycerides, blood glucose, creatinine, and albumin levels. Of these variables, blood glucose was consistently higher and body mass index (BMI) lower in the highest tertile of all sphingolipids. Multivariable analyses controlled for baseline blood glucose levels, BMI, and age.
Statistical analysis. SM species were highly correlated ( p Ͻ 0.0001) after Bonferroni correction. We therefore summed all SM species to create a single (total) SM variable. Individual ceramides species were less correlated so these species were examined separately. SM and ceramides were analyzed in tertiles because they were highly skewed to the right. t Tests and Fisher exact tests were used to compare the 100 randomly selected women with available baseline samples and the 123 women with available samples who were not selected. Differences between the 100 women with assayed lipids and the rest of the population (n ϭ 336), regardless of sample availability, were also examined.
Among the 100 participants with assayed serum sphingolipids, 1 person with prevalent dementia at baseline was excluded from the analysis, leaving a total of 99 individuals. Additionally, 9 participants developed non-AD dementia, and were therefore excluded from the analysis examining SM and ceramides as a risk factor for AD. Due to the time interval feature of WHAS II data, the discrete time Cox proportional hazards model with a complementary log-log link was used to assess the effect of baseline lipid levels on the risk of developing all-cause dementia or AD. 26 Exponentiated coefficients from the model can be interpreted as hazard ratios (HRs). Participants were included in longitudinal analyses if they received a baseline evaluation and at least 1 additional follow-up. For each outcome, participants contributed information up to the examination at which they first developed dementia, died, or were lost to follow-up and therefore censored. Multivariate models controlled for age, blood glucose, and BMI. The a priori p value was p Ͻ 0.05. Analyses were conducted using SAS version 9.2 (SAS Institute Inc., Cary, NC).
RESULTS
The 100 participants with SM and ceramide assays were slightly younger (74.0 vs 74.7; p ϭ 0.036) and had lower baseline systolic blood pressure (148.6 vs 153.5; p ϭ 0.047) compared to the rest of the sample (n ϭ 336). No other health or demographic characteristics differed between the 2 groups, including baseline cognitive test scores. Among the 223 women with available baseline serum samples, there were no differences between the 100 women randomly selected for the study and the 123 women with available stored bloods but who were not randomly selected. Of the 99 women in the all-cause dementia analyses, 27 (27.3%) developed incident dementia over the 9-year follow-up (this percentage is similar to the 24.8% that developed dementia in the full cohort); 18 of the 27 (66.7%) dementia cases were diagnosed with probable AD. There were no baseline demographic or health-related differences between those who did and those who did not develop all-cause dementia or AD (table 1) The number of events in each lipid tertile and corresponding incidence rates for all-cause dementia and AD are shown in tables 2 and 3, respectively. Using multivariable discrete time survival analysis to examine serum lipids as predictors of incident dementia (table 2), the highest tertile of lactosylceramide was associated with an increased risk of allcause dementia (HR ϭ 4.3; 95% confidence interval [CI] 1.1-16.1). Additionally, compared to the lowest tertile, the middle tertile of ceramide d18:1-C16:0 (HR ϭ 3.8; 95% CI 1.2-12.5) was associated with an increased risk of all-cause dementia, while the effect of the highest tertile was attenuated and not significantly different from the lowest tertile ( p ϭ 0.137). Figure 1 displays the Kaplan-Meier plots for incident dementia by baseline tertiles of ceramide d18:1-C16:0 and lactosylceramide.
Higher baseline serum ceramides were also associated with an increased risk of AD, and the relationships were stronger than that seen when examining all-cause dementia as the outcome (table 3) . Notably, there was only one case of AD in the lowest tertile of ceramides d18:1-C16:0, d18:1-C22:0, and lactosylceramide. There was also a threshold effect for most ceramides such that both the second and third tertiles exhibited an increased risk of AD, although the results were not always significant at the p Ͻ 0.05 level. For example, compared to the lowest tertile, the second tertile of ceramide d18:1-C16:0 was associated with a 10-fold increased risk of AD (95% CI 1.2-85.1) and the highest tertile was associated with a 7.6-fold increased risk (95% CI 0.9 -62.1). The highest tertiles of ceramide d18:1-C24:0 (HR ϭ 5.1; 95% CI 1.1-23.6) and lactosylceramide (HR ϭ 9.8; 95% CI 1.2-80.1) were also associated with an increased risk of AD. Figure 2 displays the Kaplan-Meier plots for incident AD by baseline tertiles of lactosylceramides and ceramides d18:0 -C16:0, d18: 1-C22:0, and d18:1-C24:0.
To determine the specificity of the associations, we also examined other baseline serum lipid levels, including total and HDL cholesterol and triglycer-ides, but did not find associations between these lipids and incident all-cause dementia or AD (tables 2 and 3). In additional analyses, baseline SM and ceramide levels were not associated with loss to follow-up (data not shown).
DISCUSSION
In this population-based sample of older women, high serum ceramide levels (especially ceramides d18:1-C16:0, d18:1-C24:0, and lactosylceramide) were associated with an increased risk of all-cause dementia independent of age, blood glucose, and BMI. Importantly, the relationship between these lipids and AD was much stronger than for all-cause dementia, with an HR of about 10 and an apparent threshold effect. Only 1 person in the lowest tertile of serum ceramides d18:1-C16:0 and d18:1-C22:0 and lactosylceramide developed AD dementia. These findings suggest that high levels of serum ceramides increase the risk of developing AD.
Accumulating evidence suggests that ceramide metabolism may be perturbed early in the pathogenesis of AD. 2, 16, 17, 27 While the exact mechanisms by which this happens is an active area of research, a number of studies have identified pathogenic links between ceramides and amyloid-␤ (A␤). First, exposure of cultured neurons to A␤ 1-42 directly increases ceramide levels by activating neutral sphingomyelinase 28 -30 ; inhibiting this ceramide production protects neurons from A␤ 1-42 -induced cell death. 16 Second, A␤ 1-42 indirectly increases ceramide production through an oxidative stress-mediated mechanism. 16, 31 Ceramides then increase inflammatory and reactive oxygen species, further enhancing the pathology in a self-sustaining way. Finally, increased levels of ceramides accelerate the formation of pathogenic forms of amyloid by increasing ␤and ␥-cleavage of APP. [32] [33] [34] [35] These results suggest that a disruption of ceramide metabolism may be an early and critical event involved in A␤ production and the neuronal dysfunction associated with AD. 4 We have previously reported that high blood ceramide levels varied by AD severity and were predictive of cognitive decline and hippocampal volume loss among clinically adjudicated patients with amnestic MCI. 18 The present study supports these findings by showing that high ceramide levels, particularly ceramides d18:1-C16:0, d18:1-C24:0, and lactosylceramide, are most strongly associated with an increased risk of AD dementia. Notably in previous shotgun and targeted studies of blood and brain ceramides, 1, 16, 18, 19 the ceramide d18:1-C24:0 has consistently been altered.
There was a threshold effect for both incident dementia and AD such that the HR of the highest tertile was similar or lower than the middle tertile. Thus, it is possible that low ceramide levels reduce the risk of dementia/AD, rather than that high levels are detrimental. Future studies with larger sample sizes are needed to better determine this threshold effect. Additionally, normal ceramide and SM levels have not been adequately established. Thus, we used tertiles because our data were in cycles per second, and not in easily quantifiable clinical units. Ongoing research is examining normal levels in the population and will be essential to define abnormal values, whether high or low, for risk of dementia and AD. The exact mechanism by which blood ceramides could contribute to AD is currently unknown, but both direct and indirect mechanisms have been suggested. 4 Among HIV-infected participants we have found a significant correlation between plasma and CSF ceramides, 36 suggesting that there is a relation between blood measures of ceramides and brain levels. As HIV disruptions of the blood-brain barrier could be driving this association, additional research examining the blood-CSF relationship of sphingolipids in AD is ongoing. Indirect mechanisms may also contribute. Both ceramides and SM increase the risk of cardiovascular disease and insulin resistance, [37] [38] [39] both of which are associated with an increased risk of AD. In the present study, we examined several vascular factors as mediators of the ceramide-AD relationship and found no attenuation of the relationship between serum ceramides and AD, but additional examination is needed in a larger study.
Several limitations warrant consideration. First, this sample was composed of women and may not be generalizable to men. However, there are currently no results from other studies to suggest the relation- ship should be different among men. Second, serum lipids were only assayed at baseline, leaving open the possibility that change in these biomarkers may be a better indicator of progression. Third, lipids were nonfasting and the effect of fasting on SM and ceramides is not clear. Correcting for fasting status by controlling for blood glucose had little effect on point estimates. Finally, while there was a high retention rate in this cohort (55.7% of the 436 participants completed all 6 examinations), over 9 years 90 participants died 21 and some individuals were lost to follow-up (n ϭ 103) and may have developed dementia, leading to a potential underdetection of cases and a conservative estimate of the lipid-dementia associations. The findings from this small study of women warrant replication in a larger populationbased sample to verify the results. Despite these limitations, there are several strengths. WHAS II is a longitudinal, populationbased study that allowed us to examine the specificity of associations between blood SM and ceramides and incident dementia. Women had up to 6 examinations, and 9 years of follow-up. Second, dementia diagnoses were conducted via consensus conference and in collaboration with the Johns Hopkins AD Re-search Center. Finally, despite the small sample size, effect sizes were quite large and specific to ceramides.
In this preliminary study, high serum ceramide levels were associated with an increased risk of AD and warrant replication in a larger study. Additional research is also needed in larger studies to determine whether there are mediating vascular factors or whether the timing of the measurement (midlife vs late life) is important. The present results, combined with the current literature, call for additional examination into ceramide metabolites as potential new targets for the prevention or treatment of AD.
